The biomass, production and consumption of phytoplankton, bacteria and zooplankton in a shallow Danish estuary (Limfjord) were analysed during a 9-day period. The water column changed between stratified and mixed conditions which influenced the dominant processes in the pelagic system. During strong stratification, phytoplankton was mainly controlled by microzooplankton grazing. A mixing event, which homogenized the water column, possibly provided food to a mussel-dominated benthic community. Concomitantly, zooplankton feeding and reproduction decreased. However, the nutrient input to the upper part of the water column during mixing and the subsequent stabilization provided the ideal conditions for the recovery of phytoplankton from the loss processes from previous days. Microzooplankton, which was also a significant consumer of bacteria throughout the sampling period, was not the only consumer controlling phytoplankton. The microbial food web was an important route for total plankton carbon during the study. However, the shorter food web increased in importance during mixing, possibly due to stronger benthic-pelagic coupling than during stratified periods. Stratification-mixing cycles, occurring during short-time periods, should be a key mechanism maintaining the benthic and pelagic communities in this shallow water system. available online at www.plankt.oxfordjournals.org
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I N T RO D U C T I O N
Phytoplankton is controlled by physical (e.g. light and water motion), chemical (e.g. nutrients) and biological (e.g. predation) factors that act simultaneously regulating species composition and succession in the water column (e.g. Smayda, 1980) . Within all these factors, turbulence and nutrient availability have been identified as among the most important in structuring phytoplankton communities (Margalef, 1978; Legendre, 1981) . Thus, it is well established that under mixed and nutrient-replete conditions there is a dominance of large and non-motile species, namely diatoms, while in stratified and nutrientdepleted waters small motile forms, such as small flagellates, are favoured. Phytoplankton community composition is, in turn, a determining factor influencing the trophic pathways in the pelagic system (Legendre and Rassoulzadegan, 1996) . In stratified water columns, with dominance of small phytoplankton, remineralization processes within the microbial food web predominate and so export is reduced. In contrast, well-mixed water columns, in which large phytoplankton prevails, have a higher export potential supporting upper trophic levels. Mixing is especially important in shallow waters with dense populations of benthic filter feeders, because of the supply of food needed for growth that is limited under stratified conditions (Frechette and Bourget, 1985; Wiles et al., 2006) . Prolonged periods of stratification habitually lead to a depletion of the boundary layer above the bed of benthic suspension feeders (Muschenheim and Newell, 1992; Ackerman et al., 2001; Nielsen and Maar, 2007) , which can only be disrupted by mixing events (Wiles et al., 2006) .
The Limfjord (Fig. 1 ) is a shallow fjord system (mean depth 4.5 m) in northern Denmark with a low tidal range ( 0.2 m) and relatively long residence time ( 225 days) that sustains a high biomass of the blue mussel Mytilus edulis important for the local economy (Dolmer and Frandsen, 2002) . In response to meteorological forcing, the water column in the Limfjord periodically changes between stratified and mixed conditions and it has been suggested that these stratification-mixing cycles are essential for the supply of food to the mussel beds (Dolmer, 2000a; Wiles et al., 2006 , Maar et al., 2010 . While vertical mixing would provide food to mussels, short-lived stratification periods should allow phytoplankton populations to recover and re-establish from the grazing pressure due to the mussels. Knowledge of the response of plankton communities to the short-term hydrographic variability in the Limfjord is thus essential to understand the functioning of this shallow water system and consequently to be able to predict the response of biological communities to future changes in the system.
As part of a multidisciplinary study, a field campaign of 9 days was performed in the Limfjord. Here, we report the dynamics of phytoplankton, bacteria and zooplankton as well as their feeding impact on plankton populations 200 mm which occurred in response to the hydrographic variability observed during this short-time period. Although not specifically assessed, the coupling between the pelagic and the benthic systems was inferred from the results obtained.
M E T H O D Sampling and hydrography
Sampling took place aboard of the R.V Genetica II (University of Aarhus) from 27 May to 4 June 2003 at a station above a mussel bed (for details on the benthic communities, see Nielsen and Maar, 2007) where the water depth was 6 m (Fig. 1) . Vertical profiles of temperature and salinity were recorded using a CTD (GMI AROP2000). Temperature and salinity were used to calculate the water column stability in the form of the potential energy anomaly parameter w (J m 23 ) according to (Simpson and Bowers, 1981) w
where rðzÞ is the density profile (kg m
23
) and h is the water depth (m). A large positive value of w indicates strong stratification, whereas a negative value indicates an unstable water column. Thus, a near zero value should imply a homogeneous (mixed) water column.
For the other chemical and biological variables described below, except microzooplankton feeding impact and copepod egg production, seawater samples were taken at 3 depths (0.5, 3.5 and 5.5 m) using 30 L Niskin bottles.
Nutrients
Samples to determine nutrient concentrations (PO 4   32   ,  NO 3 2 , NH 4 , SiO 4 32 ) at each depth sampled were frozen immediately after collection. Measurements were done later using an automatic nutrient analyser according to Grasshoff (Grasshoff, 1976) . All nutrients were analysed in duplicate with a precision of 0.06, 0.1, 0.3 and 0.2 mmol L 21 for phosphorous, nitrate, ammonia and silicate, respectively.
Chlorophyll a
For chlorophyll a (chl a) determinations, three replicates of 50 mL from each depth were filtered onto 25 mm Whatman GF/F filters. Pigments were extracted overnight in 5 mL 96% ethanol in the dark, and chl a concentration was determined against a chl a standard after reading fluorescence before and after acidification on a Turner Designs Model 700 Fluorometer.
Phytoplankton biomass and production
Samples for microplankton counts from each depth were preserved in Lugol's iodine (2% final concentration) and sedimented in sedimentation chambers. Diatoms, dinoflagellates, other flagellates .20 mm and ciliates were identified and counted to the species level, when possible, using an inverted microscope. Phototrophic dinoflagellates, flagellates and ciliates were differentiated from heterotrophs following the literature (e.g. Lessard and Swift, 1986; Larsen and Sournia, 1991) . Cell biovolumes were calculated from the dimensions and shapes (Hillebrand et al., 1999) . Plasma volumes of diatoms calculated according to Smayda (Smayda, 1965) and total cell volume of dinoflagellates, other flagellates .20 mm and ciliates were converted to cell carbon following Strathmann (Strathmann, 1967) for diatoms and dinoflagellates, Verity et al. (Verity et al., 1992) for flagellates and Putt and Stoecker (Putt and Stoecker, 1989) for ciliates.
Phototrophic pico-( 2 mm) and nano-flagellates (2 -20 mm) were enumerated from subsamples of 10 and 40 mL, respectively, taken at each depth sampled. These were fixed with buffered 0.2 mm filtered formalin (2% final concentration) and then filtered on 0.2 and 0.8 mm black Millipore polycarbonate filters placed on the top of 0.45 mm Millipore and GF/C Whatman backing filters, respectively. An epifluorescence microscope was used to identify and count Synechococcus-type cyanobacteria and phototrophic pico-and nano-flagellates. Cell biovolumes of Synechococcus were converted to carbon biomass (Bratbak and Dundas, 1984) . Carbon biomass of picoand nano-flagellates was estimated according to Verity et al. (Verity et al., 1992) .
Primary production was measured as carbon assimilation after 24 h in situ incubations. Samples were collected in tissue culture flasks (three light and two dark flasks for each depth) and immediately inoculated with 10 mCi of NaH 14 CO 3 . Then, the flasks were placed at the corresponding depth using a rope with specially constructed holders. The array was kept vertical in the water column using a weight at the bottom and a large buoy at the surface. After 24 h of incubation samples were recovered and filtered through Whatman GF/F filters under low vacuum pressure. Filters were placed in vials and left in HCl fumes for 12 h to remove unassimilated 14 C. Radioisotope incorporation was determined with a scintillation counter after addition of 5 mL Ultimagold. Quenching was corrected using the external standard and the channel ratio methods.
Bacterial biomass and production
For bacteria enumeration, 10 mL samples from each depth were preserved with 1 mL formalin in 20 mL glass vials and stored cold until processing. The bacteria were enumerated on a FACS Calibur flow cytometer (Becton and Dickinson) after staining the fixed cells with the nucleic acid stain SYBR Green 1 (Molecular Probes). Ten mL of a 100 times dilution of stock SYBR Green 1 and 10 mL of a suspension of 2 mm fluorescent beads (Polyscience) were added to 1 mL of sample. The number of cells was converted to bacterial biomass applying 20 fg C cell 21 (Lee and Fuhrman, 1987) . Bacterial production was measured using two methods: incorporation of 1982) and 3 H-leucine (Kirchman et al., 1985) . Four replicates of 10 mL seawater from every sampling depth were dispensed in 20 mL plastic vials and incubated with both isotopes for 2 h. Incubations included 10 mL control samples pre-killed with 500 mL of trichloroacetic acid (TCA) 100%. The samples were filtered on 0.2 mm cellulose-nitrate filters and washed 10 times with 5% ice-cold TCA. Samples were processed on a scintillation counter after the addition of 10 mL Filtercount. The incorporated thymidine was converted to cell production (mg C m 21 h
21
) using a conversion factor of 1.1 Â 10 8 cells mol
H-thymidine incorporated (Riemann et al., 1987) . The incorporated 3 H-leucine was converted to carbon according to Simon and Azam (Simon and Azam, 1989) . Since differences between the two methods were not significant (0.35 P 0.63; t-test for paired samples), bacterial production was considered as the mean value of the two methods.
Microzooplankton grazing impact
Microzooplankton grazing impact on the several plankton components 200 mm was estimated using the dilution technique (Landry and Hassett, 1982) on 29, 31 May and 2, 4 June 2003. Water was collected at dawn from the surface with a 30-L Niskin bottle. All experimental containers, bottles and tubing were soaked in 10% HCl and rinsed with distilled water before each experiment. The seawater from a first dip of the Niskin bottle was gravity filtered through a 0.8/0.2 mm Suporcap filter into a 25 L container. Water from a second dip was gently transferred to another 25 L container. After inverse filtration of this water through 200 mm nylon nets to remove large zooplankton, duplicate dilutions were prepared in 2.3 L polycarbonate bottles in the laboratory. Six dilutions of 100, 80, 60, 40, 20 and 10% of 200 mm filtered seawater were performed. The dilution bottles were incubated for 24 h with running seawater at in situ temperature and surface light conditions. Samples to estimate the biomass of organisms 200 mm were taken from the initial 200 mm filtered seawater and from all experimental bottles at the end of the incubation.
To determine microplankton biomass, samples were processed as described before in the subsection 'Phytoplankton biomass and production'. Metazoan biomass was converted from length measurements following Berggreen et al. (Berggreen et al., 1988) for copepod nauplii and Fotel et al. (Fotel et al., 1999) for bivalve larvae. Pico-and nanoplankton biomass was determined following the process previously described in the subsection 'Phytoplankton biomass and production', but as we were also interested in heterotrophs, the samples were stained with DAPI (Porter and Feig, 1980) . Heterotrophic bacteria (HB), heterotrophic picoflagellates (HPF) and heterotrophic nanoflagellates (HNF) were counted under UV light excitation with an epifluorescence microscope.
According to the dilution method (Landry and Hassett, 1982) , changes in biomass between the beginning (C 0 ) and the end (C t ) of the incubation time (t ¼ 1 day) were used to calculate the net growth rates (k, day 21 ) of total plankton ( 200 mm) biomass as well as net growth rates of the several autotrophic and heterotrophic components of the plankton community assuming exponential growth
Mortality rates (m, day 21 ) and specific growth rates (m, day
21
) are the slope and the y-axis intercept, respectively, of the linear regressions between the net growth rates (k) and the dilution factor (X) (Landry and Hassett, 1982) 
For the cases of non-linear responses, the specific growth rate (m) was estimated as the y-axis intercept derived from the regression of the linear part of the response. The mortality rate (m) was then obtained solving Equation (3) for the undiluted (100%) sample (Gallegos, 1989; Teixeira and Figueiras, 2009 ). The dilution method, despite being the subject of criticism in relation to the basic assumptions (e.g. Gallegos, 1989; Evans and Paranjape, 1992; Dolan and McKeon, 2004) , is the most widely used technique to estimate microzooplankton feeding impact on plankton communities (Calbet and Landry, 2004) . In fact, even though non-linearity implies the violation of a basic assumption of the method, it has been shown that this can occur due to the complexity of plankton communities where saturated and selective feeding occurs (Gallegos, 1989; Teixeira and Figueiras, 2009) . Other potential problems, such as nutrient dynamics (Gaul et al., 1999) and microzooplankton growth during incubations (Dolan et al., 2000) , have not been shown to interfere with the present results. The daily impact of microzooplankton on the standing stock (%SS, day
) and production (%P, day 21 ) was calculated as follows:
The quantities of carbon consumed (G, mg C m 23 day
) and produced (P, mg C m 23 day
) were calculated as follows:
where C m (mg C m
23
) is the mean carbon biomass during incubations
Metazooplankton biomass
For enumeration of metazooplankton, a volume of 15 -25 L from each depth was concentrated on a 45-mm sieve and fixed in 2% buffered formalin (final concentration). In the laboratory, the zooplankton was counted and identified (individuals m
22
), and their length (mm) measured. According to following formula, the length measurements were converted to biomass (mg C m
):
where a and b are constants reported in the literature for each organism (Table I) .
Copepod egg production
Egg production rate was determined by bottle incubations of the dominant copepod Centropages hamatus. Females were gently collected every sampling day by vertical hauls with a 200-mm plankton net from the bottom to the surface. Immediately after collection, the contents of the non-filtering cod end were diluted in 10 L of water and placed in a thermostated container. Within 2 h after sampling adult females were identified under a stereomicroscope and three to five females were pipetted into 600 mL acid cleaned Nuclon polycarbonate bottles with 45 mm pre-screened water. Six to eight bottles were then incubated at in situ temperature for 24 h. At the end of the incubations, spawned eggs and eggshells were counted and the lengths of the females were measured. The copepod production and grazing impact were calculated from the biomass and the specific egg production rate (egg carbon/female carbon) assuming equal specific egg production and juvenile growth rate (Berggreen et al., 1988) . In this estimate, all species were included to obtain the total production. The grazing rate was then estimated from the production by assuming a growth efficiency of one-third (Peterson, 1988) .
R E S U LT S Hydrography and nutrients
Detailed information on the physical properties of the water column has been provided by Wiles et al. (Wiles et al., 2006) . Briefly, the water column was characterized by a progressive warming (Fig. 2a ) and salinity increase (Fig. 2b) over the nine sampling days. Although it was homogeneous with regard to temperature, salinity revealed two periods of stratification at the surface (28-30 May and 1-2 June) that affected the density field (Fig. 2c) . Thus, the stability of the water column (Fig. 2d) was high during these two periods of haline stratification but showed a minimum value (0.27 J m 23 ), which indicates strong mixing, on 31 May when the vertical distributions of both temperature and salinity were homogeneous ( Fig. 2a and b) . Another low f value (0.53 J m
23
) was recorded on 3 June. During periods of high stability, the water column was also stratified near the bottom (Fig. 2c) . Nitrate and phosphate concentrations were well below the detection levels during the whole sampling period (data not shown). Ammonium concentrations, which in general were higher near the bottom, were detected in the water column during the first half of the sampling (Fig. 2e) . Silica concentration was also higher in the bottom layer than in the rest of the water column, especially during the first half of the sampling period (Fig. 2f) . The mixing event on 31 May caused the redistribution of silica within the whole water column. Coinciding with this redistribution of silica, ammonium was depleted.
Phytoplankton and primary production
Despite these stratification-mixing cycles observed in the hydrographic field, chl a concentration (Fig. 3a) and 1.38 (Hansen, 1999) as polydora Temora spp.
2.1 Â 10 211 3.059 (Hay et al., 1991) See text for details.
phytoplankton carbon biomass (Fig. 3b) were in general homogenously distributed in the water column. Nevertheless, both variables showed higher values close to the bottom before the strong mixing event on 31 May. These high values coincided with stratification near the bottom (Fig. 2c) . Chl a concentration gradually decreased from a mean + SD value in the water column of 4.5 + 0.12 mg chl a m 23 at the beginning of the sampling to 2.3 + 0.06 mg chl a m 23 on 31 May. Then, chl a concentration progressively increased to reach 4.7 + 0.24 mg chl a m 23 on 3 June. Phytoplankton carbon biomass roughly followed the same pattern, but showed the lowest mean + SD concentration (63 + 22 mg C m 23 ) 1 day later, on 1 June, and a mean + SD final concentration (103 + 15 mg C m 23 ) on 3 June appreciably lower than the initial concentration on 27 May (168 + 12 mg C m
23
). Therefore, depth integrated chl a concentration (Fig. 4a) decreased from 26 mg chl a m 22 on the first 2 days of sampling to 15 mg chl a m 22 during the following 3 days, with the lowest value being recorded on May 31. Then, integrated chl a concentration increased to values slightly higher (28 mg chl a m
22
) than the concentrations found during the first 2 days. Depth integrated phytoplankton carbon (Fig. 4b) decreased from 1020 on May 27 to 376 mg C m 22 on June 1. After that there was a slight increase up to 600 mg C m ) dominated within the autotrophic plankton community throughout the sampling period (mean + SD) (Fig. 4b) , accounting for 48 + 6 and 25 + 2% of the total phytoplankton biomass, respectively. Among diatoms, Skeletonema cf. costatum, Thalassionema nitzschioides and Chaetoceros spp. were the most abundant species. The mixotrophic ciliate Mesodinium rubrum (73 + 48 mg C m ) and Synechococcus (6 + 4 mg C m
) accounted for the remaining 30% of the autotrophic carbon (Fig. 4b) . Although both depth integrated chl a and phytoplankton carbon showed a quite similar time evolution, characterized by an initial decrease and a later increase ( Fig. 4a and b) , this later increase was considerably lower in phytoplankton carbon than in chl a concentration. Thus, it resulted in a substantial reduction in the autotrophic carbon to the chl a (AC:Chl a) ratio (Fig. 4c) . This ratio varied from a mean + SD value of 36 + 3 at the beginning of sampling to a mean + SD value of 21 + 2 on the last days. The decrease in the AC:Chl a ratio coincided with a pronounced change in the diatom community (Fig. 4d) . Large Chaetoceros spp., which at the beginning of the observations constituted a small fraction (9%) of the total diatom carbon, increased following the mixing event on 31 May. At the end of the observations, on 4 June, large Chaetoceros spp. represented 39% of the total diatom carbon.
Primary production (Fig. 4e) basically followed the changes occurring in AC:Chl ratios and the diatom community. Consequently, mean + SD integrated primary production was higher (227 + 35 mg C m 22 day 21 ) after the strong mixing on 31 May than previously (136 + 22 mg C m 22 day
21
).
Bacterial biomass and production
Depth integrated bacterial biomass (Fig. 5a ) increased from 668 mg C m 22 on the first day of sampling to 1016 mg C m 22 on the second day. From the third sampling day on, it showed a constant decrease at a rate of 63 + 11 mg C m 22 day 21 (r 2 ¼ 0.88), to a final value of . There were no significant differences in bacterial biomass between the three sampling depths (0.20 P 0.57; t-test for paired samples).
In contrast, bacterial production decreased from a mean + SD value of 270 + 22 mg C m 22 day 21 during the first two days of sampling to a mean + SD value of 110 + 33 mg C m 22 day 21 for the remaining sampling days (Fig. 5b) . Bacterial production was higher than primary production (BP:PP ¼ 1.68 + 0.48) only during the first 3 days. Then, bacterial production was always lower than primary production (BP:PP ¼ 0.58 + 0.26).
Microzooplankton feeding impact
The biomass of nano-and microheterotrophs (hereafter microzooplankton) at the surface at the beginning of the dilution experiments ( ) and heterotrophic dinoflagellates, both naked and armoured ,50 mm (7+ 6 mg C m 23 ) were the groups that composed the microzooplankton community (Fig. 6) . All groups showed a general decrease in the last experiment, but until that day microzooplankton biomass increased from 70 mg C m 23 on 29 May to 129 mg C m 23 on June 2. This increase is especially noticeable in metazoan organisms, because the other microzooplankton groups showed apparently smaller fluctuations (Fig. 6) . However, the very low abundance of dinoflagellates on 31 May and the decrease in ciliate biomass after that day must be noted (Fig. 6) .
The dilution experiments showed that microzooplankton fed on both autotrophic and heterotrophic organisms (Table II) . Among phytoplankton, diatoms, ANF and Synechococcus were grazed throughout the sampling period. Autotrophic picoflagellates (APF) were also grazed in three of the four experiments. The lowest growth and mortality rates were recorded for Synechococcus ) were more similar, varying also within a narrower range. These rates correspond to a daily impact of microzooplankton on 64 + 5% of autotrophic, 61 + 5% of heterotrophic and 60 + 8% of total plankton biomass standing stocks. Diatoms (80 + 6%) among phytoplankton, and HPF (73 + 12%) and HB (67 + 8%) among heterotrophs, were the groups whose standing stocks were most consumed by microzooplankton. If we consider the ratio between consumption and production, microzooplankton was able to virtually remove all production of the plankton community ( 200 mm) during the sampling period (103 + 7%). This ratio was apparently higher for heterotrophic (115 + 20%) than for autotrophic organisms (95 + 17%), even though this difference is not statistically significant (P ¼ 0.08) APF (131 + 114%), Synechococcus (114 + 62%) and HB (126 + 31%) were the groups, where consumption most exceeded their production.
Growth and mortality rates derived from dilution experiments (Table II) were used to forecast the expected plankton biomass in surface waters on the following day (Fig. 7) . The observed and predicted biomass were in reasonable agreement for total phytoplankton, diatoms and ANF on 30 May, before the mixing event on 31 May (Fig. 7a -c) . The differences between the biomass predicted and observed were of 2 mg C m 23 for diatoms and ANF and 6 mg C m 23 for total phytoplankton, which represent between 5 and 12% of the biomass recorded in situ. However, differences were considerable on 1 and 3 June, after the mixing event, when the biomasses observed in situ were appreciably lower than the biomasses predicted (Fig. 7a-c) . The overestimates varied between 40 and 55 mg C m 23 for total phytoplankton, 40 and 51 mg C m 23 for diatoms and 11 and 19 mg C m 23 for ANF, representing 63 -95% of the in situ total phytoplankton biomass, 124 -322% of the diatom biomass actually observed and 46 -114% of the biomass recorded for ANF. In contrast, the biomasses observed and predicted for HB were in reasonably good agreement on the 3 days (Fig. 7d) . The HB biomass predicted was 82% of the biomass observed on 30 May and 92% of the biomass recorded on 1 June. On 3 June the HB biomass was overestimated in 11 mg C m
23
, which represents 12% of the in situ biomass.
The metazooplankton community
The metazooplankton community was formed of mero and holoplanktonic organisms. Among the meroplankton, bivalve larvae constituted 96 + 1% of biomass between the beginning of sampling and 30 May (Fig. 8a) . From 31 May on, there was a marked increase in polychaete and gastropod larva. There were also significant differences in the total meroplankton biomass before and after 31 May (P , 0.05, t-test for two samples, excluding 27 May). Excluding the first sampling day, when total meroplankton ). On the other hand, holoplankton was dominated by the copepod Centropages hamatus, which comprised 98 + 1% of the biomass of this group (Fig. 8b) .
Other copepod species of the genus Acartia and Oithona and cladocerans were also found, but their contribution to the holoplankton biomass was significantly lower after 31 May than before (P , 0.01, t-test for two samples). Holoplankton biomass varied between 800 and 400 mg C m
22
, showing a general decreasing tendency during the sampling period, despite the isolated biomass peak observed on 2 June (y ¼ 780-46x, r 2 ¼ 0.78, P , 0.01 excluding June 2 value).
The copepod-specific egg production (Fig. 8c) varied between 18 and 30% day
21
, with maximum values in the first half of the sampling period and the lowest after 31 May (P , 0.05; t-test for two samples). Copepod ingestion rates (Fig. 8d) , estimated from the specific egg production and in situ biomass (taking into account only organisms .200 mm), followed the same pattern. In the first half of the sampling period, mean + SD ingestion rates (522 + 48 mg C m 22 day 21 ) were significantly higher (P , 0.01, t-test for two samples) than after the mixing event on 31 May (324 + 84 mg C m 22 day
Carbon flux in the pelagic system
Assuming that picoplankton is only consumed by microzooplankton and that phytoplankton .2 mm can be consumed by microzooplankton and copepods, and that copepods also consume microzooplankton, carbon budgets can be built for the pelagic system (Fig. 9) . The outcomes of the dilution experiments performed at the surface were considered representative for the 6 m water column. Microzooplankton production was calculated from the feeding rate and assuming a growth efficiency of 0.33 (Hansen et al., 1997) . The high impact that microzooplankton had on pico and phytoplankton .2 mm was noticeable, where the quantities consumed were higher than those produced. This impact was higher before the mixing event and was especially evident for phytoplankton .2 mm, because picoplankton consumption was again higher than picoplankton production after 31 May.
The most striking feature of this budget is the increase in copepod losses. During stratification (29-30 May) the differences between expected copepod biomass (with no losses) and the observed biomass value on 30 May showed that 32% was lost. This loss increased during mixing reaching 54% between 2 and 3 June.
D I S C U S S I O N
Based on the evolution of the hydrographic field, stratification-mixing cycles characterized the Limfjord during the sampling period (Fig. 2) . As determined by Wiles et al. (Wiles et al., 2006) , major changes in the vertical structure of the water column were due to climatological forcing, where wind was the main factor responsible for mixing indirectly through wave motion. In fact, advection was not considered to be important at all in determining vertical structure in the water column due to the small level of external flushing and the limited advection observed in the study basin during the sampling period (Wiles et al., 2006) .
According to these results, three main periods could be distinguished during our sampling: (i) a stratification period from the beginning of the sampling to 30 May, which was followed by (ii) a strong mixing event occurring on 31 May and then (iii) a post-mixing period between 1 June and the end of the sampling, where stratification recovered and was again disrupted by a less intense mixing event on 3 June.
Plankton dynamics
The plankton communities responded to these changes in the hydrographic field. Despite several parameters being measured with different experimental procedures a clear change in the pelagic system was observed in all parameters coinciding with the mixing event recorded in 31 May. This coincidence of results leads us to believe that changes observed in the plankton were due to this hydrographic change.
During the first stratification period (27-30 May), microzooplankton grazing could be considered responsible for the dynamics of the phytoplankton community in the surface layers, as suggested by the matching between phytoplankton biomass recorded at the surface and that predicted considering only growth and mortality rates derived from dilution experiments (Fig. 7a-c) . Microzooplankton consumed more carbon than was produced by phytoplankton ( Fig. 9 ) and, therefore, could cause the reduction observed in chl a concentration and phytoplankton carbon (Fig. 4a and b) . The high impact of microzooplankton led to a regenerated pelagic system with detectable ammonium concentrations in the surface layers (Fig. 2e) , which probably fuelled phytoplankton growth. High bacterivory (Table II and Fig. 9 ) and the elevated BP:PP ratios (1.68 + 0.48) suggest that the microbial loop during this period was important, presumably channelling the dissolved organic matter that feeding activities released (Strom et al., 1997; Nagata, 2000) . The accumulation of chl a and phytoplankton biomass near the bottom (Fig. 3) , probably resulting from sinking and later isolation from the upper layers by stratification, also could indicate that the access to food for the mussels was limited. Although not discernible with our sampling, under stratified conditions mussels create a near-boundary layer depleted of food that also impedes further supply of food from above (Muschenheim and Newell, 1992; Ackerman et al., 2001; Nielsen and Maar, 2007) . However, the gradual decrease in the bottom Fig. 9 . Carbon budgets built for the pelagic system in the Limfjord on each day when dilution experiments were performed. Numbers inside grey boxes are standing stock (mg C m 22 ), numbers next to the white arrows are production (mg C m 22 day 21 ) and numbers in the thin black arrows are losses due to consumption (mg C m 22 day 21 ). The white boxes attached to the Copepods compartment represent the observed biomass of this group in situ in the following day and the percentage represents the estimated percentage of biomass lost considering the sum of standing stock and production (that would be the biomass expected without losses). Pico, picoplankton; Phyto .2, phytoplankton larger than 2 mm; mzoo, microzooplankton. Note that the length of all boxes and arrows are proportional to the quantities they represent, except those between the microbial and copepods compartments.
layers points to a probable consumption of phytoplankton that mussels could access by filtration or sinking. As the time evolution of phytoplankton biomass at the surface during this stratification period can be explained by microzooplankton grazing alone (Fig. 7) , copepods should therefore be mainly consuming microzooplankton during this period (Fig. 9) . In fact, microzooplankton constitutes an important food source for copepods that when sufficiently abundant, can be preferred over algae (Stoecker and Capuzzo, 1990; Kleppel, 1993; Saage et al., 2009) .
Coinciding with the mixing event on 31 May, the scenario changed considerably. There was a vertical homogenization of the water column, which allowed closer contact between pelagic and benthic communities. Namely, vertical mixing destroyed the stratification encountered in the bottom layers on the previous days, and probably eroded the near boundary layer if it existed, allowing mussels to reach food from the whole water column. Vertical mixing has been suggested as the main mechanism supplying food to mussels in this (Dolmer, 2000a,b; Wiles et al., 2006) and other similar shallow systems with high biomass of benthic filter feeders (Møhlenberg, 1995; Riisgård et al., 2004) . Here, mussel feeding activity can be inferred from the differences found between the observed phytoplankton biomass at the surface and the biomass estimated considering microzooplankton as the only loss term (Fig. 7) . The area-specific population filtration capacity of mussels at the study site has been estimated to be 94 m 3 m 22 day 21 . This value indicates that this population has the capacity to filter the whole 6-m water column within 1 day. However, the conclusion that these organisms were responsible for this consumption must be viewed with caution as other pelagic predators could also be responsible for this trend. This mixing event also coincided with a decrease in the microzooplankton impact (Table II and Fig. 9 ), Despite the fact that microzooplankton biomass was higher on that day (Figs 6 and 9), this increase in microzooplankton biomass was basically due to metazoan, namely bivalve larvae, which should have been re-suspended by mixing from the bottom. In contrast, the biomass of HDF decreased (Fig. 6) , which could indicate that the lower impact of microzooplankton during this mixing event was due to a change in microzooplankton composition, as previously observed in other studies (Lawrence et al., 2004) . Furthermore, turbulence could have been strong enough to induce negative physiological effects on HDF (Berdalet, 1992; Havskum, 2003) and ciliates (Garstecki et al., 2002; Lawrence et al., 2004) leading to a decrease in microzooplankton feeding activity. Copepod recruitment could also have been negatively affected by turbulence through re-suspension of settled eggs leading to higher egg mortality due to bivalve predation (Jonsson et al., 2009) . However, considering the time lag necessary between egg production, hatching and development, lower copepod abundance during this mixing event may be due to a higher predation from benthic filter feeders or other pelagic predators Maar et al., 2007; Jonsson et al., 2009 ). This assumption is actually supported by the budget illustrated in Fig. 9 , where the higher losses found during mixing are consistent with enhanced consumption.
The mixing event, which apparently injected nutrients into the water column formerly accumulated in the bottom layers (Fig. 2) due to regeneration by benthic filter feeders , seemed to stimulate the phytoplankton recovery during the following days. This recovery was clearly evident in primary production, chl a concentration and the AC:Chl a ratio and was accompanied by the continuous increase in the biomass of large diatoms (Fig. 4) , with their growth being stimulated (Table II) by the increase in silicate in the water column (Fig. 2f ) . Similar responses of phytoplankton during stratified periods following mixing events were also observed in neighbouring shallow systems (Møhlenberg, 1995; Riisgård et al., 2004) . The response recorded in Limfjord during this new period post-mixing differed however from the previous stratified period in several aspects. The homogeneous vertical distributions of chl a and phytoplankton biomass (Fig. 3) suggest that stratification was not so strong as in the first stratification period and the phytoplankton biomass recorded at the surface could not be estimated from growth and mortality rates due to microzooplankton grazing alone (Fig. 7) . Even though other pelagic consumers could be responsible for this extra-consumption (in fact meroplankton concentrations were higher during this period- Fig. 8a ), the unstable conditions between 2 and 3 June disrupted stratification from the previous days, which could again allow benthic filter feeders to reach this food. In addition, the low BP:PP ratio (0.58 + 0.26) points to a minor importance of the microbial loop, a circumstance that is also supported by the undetectable levels of ammonium in the surface layer (Fig. 2e) , suggesting that this nutrient was rapidly taken by phytoplankton. Copepod losses were still high, also suggesting that high predation by benthic filter feeders or other pelagic predators could be still occurring.
Microbial versus classical food chain
Although variable in relation to the hydrographic conditions, the microbial food web was an important route in the transfer of phytoplankton and heterotrophic biomass through the pelagic food chain. HB were found to be an important food source for microzooplankton in the Limfjord (Figs 7d and 9) , agreeing with prior studies (Fenchel, 1982; Andersen and Sørensen, 1986) . In fact, the decrease observed in bacterial biomass and production (Fig. 5) could be explained by the tight control that microzooplankton exerted on this group, consuming higher quantities than those produced (Table II and Fig. 9 ). Thus, bacterial biomass at the surface could be reasonably well predicted by the growth and mortality rates estimated for this group in dilution experiments (Fig. 7d) . Diatoms were the group most consumed among the phytoplankton (Fig. 7b ). This agrees with other studies in coastal systems, where microzooplankton has been found to be an important consumer of these organisms (Neuer and Cowles, 1994; Sherr and Sherr, 2007; Teixeira et al., 2011) .
Nevertheless, the importance of the microbial food web decreased during the mixing events when a short food chain appeared to have become more important and phytoplankton should have been consumed by benthic filter feeders and other pelagic consumers. Assuming that phytoplankton growth and mortality due to microzooplankton did not change significantly in a well-mixed vertical water column, the fraction of phytoplankton biomass removed by other organisms than microzooplankton can be estimated from the difference between the estimated and observed biomasses given in Fig. 7a . This simple calculation suggests that under strongly stratified conditions, like those of the first period, ,10% of the phytoplankton standing stock was directly channelled to the classical food chain, while under mixing or weak stratification 60% of the phytoplankton stock followed this route. To what extent mussels were responsible for this pathway was not directly assessed in this work; however, they should be significant consumers of phytoplankton (Frechette and Bourget, 1985; Dolmer, 2000a; Nielsen and Maar, 2007) . Furthermore, mussels also feed on micro-and mesozooplankton (Davenport et al., 2000; Nielsen and Maar, 2007; Jonsson et al., 2009) , and mixing events would favour the direct consumption of zooplankton by mussels.
C O N C L U D I N G R E M A R K S
These results support the view that stratification-mixing sequences in the Limfjord influence processes dominating in the pelagic system and its coupling to the benthic system. Stratification periods, which favour the microbial food web and pelagic consumption, are disrupted by mixing events that seemed to provide food to other pelagic and benthic organisms and distribute nutrients in the water column favouring phytoplankton growth when new stratification occurs. It is the balance between the duration of these two hydrographic situations, which allows the co-existence of the several biological communities in the Limfjord. Future studies should include a wider temporal investigation of this system following the several biological compartments under the different hydrographic conditions. This would provide us a more complete understanding of the system and of its response to changes in some of its variables.
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